The protein kinase mammalian Sterile 20-like kinase 1 (MST1) plays a critical role in the regulation of cell death. Recent studies suggest that MST1 mediates oxidative stress-induced neuronal cell death by phosphorylating the transcription factor FOXO3 at serine 207, a site that is conserved in other FOXO family members. Here, we show that MST1-induced phosphorylation of FOXO1 at serine 212, corresponding to serine 207 in FOXO3, disrupts the association of FOXO1 with 14-3-3 proteins. Accordingly, MST1 mediates the nuclear translocation of FOXO1 in primary rat cerebellar granule neurons that are deprived of neuronal activity. We also find a requirement for MST1 in cell death of granule neurons upon withdrawal of growth factors and neuronal activity, and MST1 induces cell death in a FOXO1-dependent manner. Finally, we show that the MST1-regulatory, scaffold protein Nore1 is required for survival factor deprivation induced neuronal death. Collectively, these findings define MST1-FOXO1 signaling as an important link survival factor deprivation-induced neuronal cell death with implications for our understanding of brain development and neurological diseases.
During normal development, neurons die by the process of apoptosis to ensure the proper wiring of the nervous system (1, 2) . In the mature nervous system, aberrant neuronal cell death contributes to the pathogenesis of a large number of diseases (3) (4) (5) . Therefore, elucidation of the molecular underpinnings of neuronal cell death is essential for our understanding of brain development and also offers the possibility of identification of targets for the development of drugs that prevent neuronal degeneration in brain diseases.
Granule neurons of the rat cerebellum provide a robust system for the study of the mechanisms that govern neuronal cell death (6, 7) . The survival of cerebellar granule neurons during normal development is promoted by growth factors and neuronal activity (8 -12) . Likewise, the survival of primary rat cerebellar granule neurons is supported by polypeptide growth factors, provided by serum and neuronal activity, and mimicked by the activation of voltage-sensitive calcium channels induced by membrane depolarization (13) (14) (15) . Granule neurons have also proved useful in the study of mechanisms of neuronal cell death in response to pathologically relevant stimuli such as oxidative stress (16) .
The protein kinase mammalian Sterile 20-like kinase 1 (MST1) 5 has been implicated in the control of neuronal cell death (16, 17) . Exposure of rat cerebellar granule neurons to hydrogen peroxide leads to MST1-dependent cell death (16) . Oxidative stress-induced MST1 triggers neuronal cell death via the transcription factor FOXO3. MST1 catalyzes the phosphorylation of FOXO3 at serine 207, a site that lies within its forkhead domain, and thereby promotes the dissociation of FOXO3 from 14-3-3 proteins. The 14-3-3 proteins sequester FOXO3 in the cytoplasm and thus inhibit FOXO3-dependent transcription and cell death. The consequence of the MST1-induced phosphorylation of FOXO3 in neurons treated with hydrogen peroxide is the accumulation of FOXO3 in the nucleus and activation of neuronal cell death (16) .
A major question raised by the identification of the MST1-FOXO3 link is whether MST1 also signals to the nucleus via other members of the FOXO family of transcription factors in neurons. The FOXO proteins have overlapping but also distinct functions and regulatory mechanisms (18 -21) . Thus, the identification of a kinase phosphorylating and regulating a FOXO family member does not automatically mean that another family member will be similarly regulated. Among the FOXO3-related proteins, FOXO1 and FOXO6 are expressed in neurons (22) . Although nucleocytoplasmic shuttling does not appear to play a major role in the regulation of FOXO6 function (23) , shuttling between the cytoplasm and nucleus is critical to FOXO1 regulation (24) .
Recent studies have defined a Cdk1-FOXO1 signaling link in postmitotic neurons whereby neuronal activity deprivation triggers the Cdk1-induced phosphorylation of FOXO1 at a critical regulatory site and releases FOXO1 from 14-3-3 proteins (25, 26) . In a similar manner to MST1-FOXO3 signaling, the Cdk1-induced phosphorylation of FOXO1 leads to the accumulation of FOXO1 in the nucleus and the induction of cell death (16, 25) . These observations raise the question of whether MST1 might phosphorylate FOXO1 and thus contribute to neuronal cell death upon the withdrawal of survival stimuli.
In this study, we identify FOXO1 as a critical substrate of MST1. MST1 phosphorylates FOXO1 within its forkhead domain at serine 212 in vitro and in vivo. The MST1-induced phosphorylation of FOXO1 at serine 212 triggers the disruption of FOXO1 from 14-3-3 proteins. We also find a requirement for MST1 in the ability of activity deprivation to induce the nuclear accumulation of FOXO1 in granule neurons. Consistent with these results, we identify a function for MST1 in granule neuron cell death induced by the deprivation of growth factors and neuronal activity. Finally, we uncover a novel dual function for the MST1 regulatory scaffold protein Nore1 in granule neuron cell death. Remarkably, whereas Nore1 dampens the ability of oxidative stress to induce neuronal death, we find a requirement for Nore1 in survival factor deprivationinduced neuronal death. Taken together, our findings define a crucial function for MST1 in survival factor deprivation-induced neuronal death. We have also characterized upstream and downstream mechanisms of MST1 function in survival factor deprivation-induced neuronal death. Identification of FOXO1 as a physiologically relevant substrate in primary neurons provides a compelling link between MST1 and the FOXO family of transcription factors with important implications for brain development and disease.
EXPERIMENTAL PROCEDURES
Plasmids and Antibodies-The plasmids encoding GST-FOXO1-forkhead domain (GST-FOXO1(FD)) were generated by PCR cloning in pGEX4T1 at the EcoRI and XhoI restriction sites. The FOXO1(FD) S212A, 3A, and 4A plasmids (where 3A refers to the 212A, S234A, S235A FOXO1(FD) mutant, and 4A refers to the S212A, S218A, S234A, and S235A FOXO1(FD) mutant) were generated by site-directed mutagenesis. All mutations were verified by sequencing. The Nore1 short hairpin RNAs (shRNA) targeting sequence is conserved in mice and rats and corresponds to: GAAGATTGACAGCTATAAC-AGC. Antibodies to MST1 (Zymed Laboratories Inc.); GFP (Molecular Probes); GST, 14-3-3␤ (Santa Cruz Biotechnology); FLAG-M2 (Sigma); and ␤-galactosidase (Promega) were purchased. The rabbit antibody to Nore1 was generated by injecting New Zealand rabbits with full-length His-Nore1 and purified over a protein A column (Pierce).
Neuronal Cultures-Cultures of cerebellar granule neurons were prepared from postnatal day 6 rat (P6) pups as described (27) . For RNAi experiments, cultures of P6 granule neurons were transfected by a calcium phosphate method after 2 days in vitro (P6 ϩ 2DIV) with the MST1 RNAi or control U6 plasmid together with a plasmid encoding ␤-galactosidase. Following incubation with conditioned medium containing calf serum (HyClone) and membrane-depolarizing concentrations of KCl (30 mM) for 3 days, cultures were washed and returned to conditioned medium or placed in medium deprived of serum-and membrane-depolarizing concentrations of KCl (5 mM) for 24 h. Cultures were fixed with paraformaldehyde and subjected to indirect immunofluorescence as described (28) . Cell survival was assessed in ␤-galactosidase-expressing neurons based on the integrity of neurites and nuclear morphology visualized using the DNA dye bisbenzimide (Hoechst 33258; Sigma). Although healthy neurons harbor robust processes and intact nuclei, dying neurons have disintegrated and degenerating neuronal processes and pyknotic or fragmented nuclei (16, 25, 28, 29) .
A, lysates of 293T cells transfected with an expression plasmid encoding FLAG-MST1, kinase-dead FLAG-MST1 K59R, or the control plasmid were immunoprecipitated with the FLAG antibody and subjected to an in vitro kinase assay using full-length GST-FOXO1 as substrate in the presence of 32 P-labeled ATP. Reactions were analyzed by SDS-PAGE followed by autoradiography. Auto-p-MST1 denotes autophosphorylated MST1; p-FOXO1 denotes phosphorylated FOXO1. The lower panels show the expression of FLAG-MST1 and FLAG-MST1 K59R by immunoblotting with the FLAG antibody. CMV, cytomegalovirus. B, in vitro kinase assays were carried out by incubating recombinant MST1 (rMST1) (Upstate Biotechnology) together with recombinant GST or GST-FOXO1 as substrate in the presence of 32 P-labeled ATP. Reactions were analyzed by SDS-PAGE followed by autoradiography. Recombinant MST1 phosphorylated FOXO1 in vitro. C, immunoprecipitated MST1 was subjected to an in vitro kinase assay as in A using the forkhead domain of FOXO1 fused to GST (GST-FOXO1(FD)) as substrate. D, MST1 was immunoprecipitated from 293T cells and subjected to in vitro kinase assays as in A using wild type or serine 212 mutants of GST-FOXO1(FD). The designation 3A refers to the S212A, S234A, S235A FOXO1(FD) mutant; the designation 4A refers to the S212A, S218A, S234A, and S235A FOXO1(FD) mutant. Reaction products were analyzed by SDS-PAGE followed by autoradiography. Immunoblotting with the GST antibody is shown in the lower panel. Mutation of serine 212 dramatically reduced MST1-induced phosphorylation of FOXO1(FD).
Cell counts were carried out in a blinded manner and analyzed for statistical significance by ANOVA and Fisher's protected least significance difference (PLSD) post hoc test. Approximately 150 cells were counted per experiment.
In analyses of FOXO1 localization, neurons were transfected after 2 days in vitro (P6 ϩ 2DIV) with the MST1 RNAi or control U6 plasmid together with the GFP-FOXO1 expression plasmid. After 24 h, neurons were placed in full medium (serum ϩ 30 mM KCl) or in medium in which membrane depolarization was inhibited (serum ϩ 5 mM KCl). Cells were fixed 30 h later and analyzed by fluorescence microscopy.
Immunoprecipitation and Immunoblotting-Immunoprecipitation and immunoblotting were carried out as described (16, 25) . Cells were lysed in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM NaF, 1 mM dithiothreitol, 1 mM sodium vanadate, 2 mM phenylmethylsulfonyl fluoride, and 2 mg/ml aprotinin and leupeptin. Lysates were next centrifuged at 14,000 ϫ g for 15 min at 4°C prior to immunoprecipitation or immunoblotting. In immunoprecipitation analyses, lysates were precleared with protein A beads at 4°C for 20 min, and supernatants were incubated with appropriate antibodies in the presence of 10 ml of protein A-protein G (2:1) agarose beads for at least 2 h at 4°C. Beads were washed with lysis buffer, and the immunoprecipitates were subjected to immunoblotting.
In Vitro Kinase Assays-In vitro kinase assays were carried out as described (30) . Immunoprecipitated MST1 or recombinant active MST1 was incubated in the following conditions: 20 mM Tris, pH 7.5, 2 mM MgCl 2 , 1 mM dithiothreitol, and 1 g of full-length GST-FOXO1 or GST-FOXO1-FD as the substrate. Kinase reactions were separated by SDS-PAGE gel electrophoresis and analyzed by autoradiography or immunoblotting using the phospho-FOXO antibody.
RESULTS AND DISCUSSION
MST1 Phosphorylates FOXO1 at Serine 212 in Vitro and in Vivo-We investigated whether the transcription factor FOXO1 might play a role in propagating the MST1 signal to the nucleus in neurons. First, we asked whether MST1 phosphorylates full-length FOXO1 in vitro. We expressed MST1 tagged with the FLAG epitope or a kinase-dead FLAG-tagged MST1 in which the ATP binding site was mutated (MST1 K59R) in 293T cells. MST1 or MST1 K59R were immunoprecipitated from lysates of transfected cells using the FLAG antibody and subjected to an in vitro kinase assay in which recombinant fulllength FOXO1 fused to GST (GST-FOXO1) and 32 P-labeled ATP were added. MST1, but not the kinase-dead MST1, robustly phosphorylated FOXO1 (Fig. 1A) . In other experiments, we found that purified recombinant MST1 also phosphorylated FOXO1 in vitro (Fig. 1B) .
MST1 phosphorylates FOXO3 at serine 207, a conserved site within the forkhead domain of the FOXO family of transcription factors (16) . Therefore, we next determined whether MST1 phosphorylates FOXO1 at serine 212, the site that corresponds to serine 207 in FOXO3. In in vitro kinase assays, MST1 phosphorylated the forkhead domain of FOXO1 fused to GST (GST-FOXO1(FD)) (Fig. 1C) (16) . Upon tandem mass spectrometry analysis followed by data-dependent MS/MS/MS (MS 3 ), we identified four serine residues in FOXO1 (serines 212, 218, 234, and 245) that were phosphorylated by MST1 (data not shown) (16) . We next determined the ability of MST1 to catalyze the phosphorylation of wild-type FOXO1(FD) or FOXO1(FD) mutants in which serine 212 was mutated. Although MST1 robustly phosphorylated FOXO1(FD), MST1 failed to phosphorylate FOXO1(FD) mutants in which serine 212 was replaced with alanine ( Fig. 1D ) (16) . These results indicate that MST1 phosphorylates FOXO1 at serine 212 in vitro.
To determine whether MST1 phosphorylates FOXO1 at serine 212 in vivo, we used a phospho-FOXO antibody raised to specifically recognize FOXO3 or FOXO1 when phosphorylated at serine 207 or serine 212, respectively (16) . The phospho-FOXO antibody recognized recombinant FOXO1(FD) that was phosphorylated by MST1 in vitro but failed to recognize unphosphorylated FOXO1(FD) (Fig. 2A) . Importantly, the phospho-FOXO antibody failed to recognize serine 212 mutants of GST-FOXO1(FD) that were incubated with MST1 in vitro (Fig. 2A) . We also found that the phospho-FOXO anti- body recognized recombinant full-length FOXO1 when phosphorylated by MST1 in vitro but failed to recognize unphosphorylated full-length FOXO1 or FOXO1 that was incubated with the kinase-dead MST1 (MST1 K59R) (Fig. 2B) . These results establish that the phospho-FOXO antibody recognizes serine 212-phosphorylated FOXO1 and that MST1 phosphorylates FOXO1 at serine 212 in vitro. We next determined the capacity of MST1 to phosphorylate FOXO1 in cells. We expressed FOXO1 fused to GFP (GFP-FOXO1) together with FLAG-tagged MST1 in 293T cells and subjected lysates of transfected cells to immunoblotting with the phospho-FOXO, GFP, or FLAG antibody. We found that expression of MST1 triggered the phosphorylation of FOXO1 at serine 212 (Fig. 2C) . These results show that MST1 phosphorylates FOXO1 at serine 212 in vivo. The MST1-induced FOXO1 Phosphorylation Disrupts FOXO1's Interaction with 14-3-3 Proteins and Promotes the Nuclear Accumulation of FOXO1-The ability of MST1 to phosphorylate FOXO1 at serine 212 led us next to determine the functional consequences of the FOXO1 phosphorylation. Because MST1-induced phosphorylation of FOXO3 at serine 207 disrupts FOXO3's interaction with 14-3-3 proteins (16), we assessed the effect of the MST1-induced phosphorylation of FOXO1 at serine 212 on FOXO1's association with 14-3-3 proteins. We expressed MST1 or kinase-dead MST (MST1 K59R) together with GFP-FOXO1 in cells and immunoblotted GFP immunoprecipitates of transfected cells with 14-3-3 antibodies. In control-transfected cells, FOXO1 interacted robustly with 14-3-3 proteins (Fig.  3A) . By contrast, expression of MST1 dramatically reduced the ability of FOXO1 to interact with 14-3-3 proteins (Fig. 3A) . Expression of MST1 K59R failed to disrupt FOXO1's interaction with 14-3-3 proteins, suggesting that the ability of MST1 to disrupt the FOXO1/14-3-3 association required the kinase activity of MST1 (Fig. 3A) . In other experiments, MST1 inhibited the ability of the forkhead domain of FOXO1 to associate with 14-3-3 proteins in cells (Fig. 3B) . Collectively, these results support the conclusion that MST1-induced phosphorylation of FOXO1 disrupts FOXO1's association with 14-3-3 proteins. Because 14-3-3 proteins reside predominantly in the cytoplasm (31), the finding that the MST1-induced phosphorylation of FOXO1 disrupts its interaction with 14-3-3 proteins raised the possibility that the MST1-induced phosphorylation expression plasmid together with an expression vector encoding FLAG-MST1, FLAG-MST1 K59R, or the control vector were immunoprecipitated (IP) with the GFP antibody followed by immunoblotting with a 14-3-3 antibody (top panel). The total 14-3-3 and GFP-FOXO is shown in the middle and lower panels. MST1, but not the kinase-dead MST1 K59R, disrupted FOXO1's interaction with 14-3-3 proteins. CMV, cytomegalovirus. B, lysates of 293T cells transfected with a mammalian expression vector encoding GST-FOXO1(FD) together with the MST1 expression plasmid or its control vector were subjected to GST pull-down assays followed by immunoblotting with the 14-3-3 antibody (top panel). The total MST1, 14-3-3, and FOXO1(FD) is shown in the lower panels. C, granule neurons transfected with GFP-FOXO1 together with the MST1 RNAi or control U6 plasmid maintained in membrane-depolarizing medium (30 mM KCl) or deprived of membrane depolarization (5 mM KCl) were analyzed by fluorescence microscopy. Representative images are shown (left, GFP-FOXO1; center, Hoechst; right, merged). Scale bar, 10 m. Arrowheads indicate neurons displaying nuclear localization of FOXO1. D, quantification of results shown in Fig. 3C . MST1 knockdown significantly decreased GFP-FOXO1 nuclear accumulation in activity-deprived neurons. For each experiment, at least 100 neurons were counted (n ϭ 3; p Ͻ 0.0001, ANOVA followed by Fisher's PLSD post hoc test).
of FOXO1 might promote the nuclear translocation of FOXO1. We therefore determined the role of MST1 in the control of the subcellular localization of FOXO1 in primary cerebellar granule neurons. In recent studies, we found that FOXO1 translocates to the nucleus upon activity deprivation (25) . We confirmed that the withdrawal of neuronal activity triggers the nuclear accumulation of FOXO1 in primary granule neurons (Fig. 3C) . To determine the role of MST1 in activity deprivation-induced nuclear accumulation of FOXO1, we induced the knockdown of MST1 in neurons. We used a plasmid-based method of RNAi encoding shRNAs targeting MST1 (16, 32) . MST1 knockdown reduced significantly the level of FOXO1 in the nucleus in activity-deprived granule neurons (Fig. 3, C and  D) . These results suggest that MST1 plays a critical role in the control of FOXO1 nucleocytoplasmic shuttling and support the interpretation that MST1-FOXO1 signaling promotes the nuclear accumulation of FOXO1 in the nucleus in neurons.
MST1 Mediates Growth Factor and Activity Deprivation-induced Neuronal Cell Death-A requirement for MST1 in the nuclear accumulation of FOXO1 in activity-deprived neurons led us to test the role of MST1 in neuronal cell death. The deprivation of neuronal activity and growth factors, mimicked by the withdrawal of serum and membrane depolarization, potently induces cell death in cerebellar granule neurons (13-15, 28, 29) . We therefore tested the effect of MST1 knockdown on the ability of growth factor and activity deprivation to induce neuronal cell death. Primary granule neurons were transfected with the MST1 RNAi or control U6 plasmid together with an expression plasmid encoding ␤-galactosidase. Transfected neurons were left in full survival medium containing serumand membrane-depolarizing concentrations of KCl (30 mM) or deprived of serum and membrane depolarization (5 mM KCl) and then subjected to immunocytochemical analyses using an antibody to ␤-galactosidase and the DNA dye bisbenzimide (Hoechst 33258). Transfected ␤-galactosidase-positive neurons were analyzed for cell survival and death based on the integrity of neuronal processes and nuclear morphology.
As expected, the deprivation of membrane depolarization and growth factors induced cell death in granule neurons (Fig. 4A) . However, the knockdown of MST1 significantly reduced the level of cell death in activity and growth factor-deprived neurons (Fig. 4A) . MST1 knockdown neurons appeared healthy, displaying robust nuclei and processes (data not shown). These results suggest that MST1 plays a critical role in inducing cell death in neurons upon the deprivation of survival stimuli. To demonstrate the specificity of the MST1 RNAi-induced survival phenotype, we performed a rescue experiment. We expressed MST1 encoded by cDNA designed to be resistant to MST1 shRNAs (MST1R) (16) . We found that expression of MST1R, but not MST1 encoded by wild-type cDNA, reversed the ability of MST1 RNAi to protect neurons against activity and growth factor deprivation-induced apoptosis (Fig. 4B) . These results suggest that the MST1 RNAi-induced protection of neurons from cell death is the result of specific knockdown of MST1 rather than off-target effects of RNAi.
We next determined whether MST1 induces cell death in a FOXO1-dependent manner. We expressed an activated form of MST1 in which MST1 is fused with a myristoylation signal (myr-MST1) in cerebellar granule neurons together with an expression plasmid encoding a dominant interfering form of FOXO1 in which the transactivation domain is deleted (FOXO1-DN) or its control vector (33, 34) . Expression of myr-MST1 induced cell death robustly in granule neurons (Fig. 4C) . FasL-luciferase (RLU) However, expression of FOXO1-DN reduced myr-MST1-induced cell death in neurons (Fig. 4C) . Collectively, our results suggest that MST1-FOXO1 signaling contributes to cell death upon the withdrawal of growth factors and neuronal activity. In view of the role of MST1-FOXO3 signaling in oxidative stress-induced neuronal death (16) , the identification of MST1-FOXO1 signaling in survival factor deprivation-induced neuronal cell death in this study raised the question of how MST1 function is differentially controlled in neurons upon exposure to distinct cell death stimuli. We first characterized the effect of survival factor deprivation and oxidative stress on transcriptional responses of apoptotic gene targets of the FOXO transcription factors in granule neurons. Both hydrogen peroxide and survival factor deprivation triggered the expression of a FOXO-responsive reporter gene in granule neurons (Fig. 4D ) (16, 25) . Consistent with these results, both hydrogen peroxide and survival factor deprivation similarly induced the expression of a reporter gene controlled by the promoter of the apoptotic FOXO target gene BIM (Fig. 4E) (16, 25) . By contrast, the FOXO target gene FasL appeared to respond differentially to hydrogen peroxide and survival factor deprivation. Although survival factor deprivation robustly induced the expression of a reporter gene controlled by the FasL promoter, hydrogen peroxide marginally induced the FasL-luciferase reporter gene in neurons (Fig. 4F) . Together, these results suggest that distinct sets of FOXO target genes may be activated in neurons upon exposure to survival factor deprivation and oxidative stress. It will be important to determine in future studies the full complement of genes that are regulated by FOXO1 and FOXO3 that couple the MST1 signal to cell death in neurons.
The MST1 Regulatory Scaffold Protein Nore1 Plays Distinct Roles in Neuronal Cell Death-We next investigated the role of MST1 regulatory mechanisms in neuronal responses to oxidative stress and survival factor deprivation. The scaffold protein Nore1 has emerged as a critical upstream regulator of MST1 in non-neural cells (33, 34) . We therefore asked whether Nore1 plays a role in the control of neuronal death. Nore1 is expressed in the brain, including granule neurons of the rodent cerebellar cortex (the Allen Mouse Brain Atlas and data not shown). We confirmed that Nore1 forms a physical complex with MST1 in cells (Fig. 5A) . To determine Nore1 function in neuronal death, we generated a plasmid encoding Nore1 shRNAs. Nore1 RNAi triggered robust knockdown of Nore1 in 293T cells and neurons (Fig. 5, B and C) . We next analyzed the effect of Nore1 RNAi on neuronal death. Remarkably, Nore1 knockdown led to distinct cellular responses in neurons upon exposure to oxidative stress and survival factor deprivation. Nore1 knockdown sensitized granule neurons to hydrogen peroxide-induced cell death (Fig. 5D) . By contrast, we found that Nore1 knockdown robustly protected neurons from survival factor deprivationinduced cell death (Fig. 5E) . These results suggest that the MST1-regulating scaffold protein Nore1 plays a dual role in FIGURE 5 . The MST1 regulatory scaffold protein Nore1 plays distinct roles in neuronal death. A, lysates of 293T cells transfected with the FLAG-Nore1 and FLAG-MST1 expression vectors were immunoprecipitated (IP) using a rabbit polyclonal antibody to Nore1 and immunoblotted (WB) using the FLAG antibody. The total FLAG-Nore1 and FLAG-MST1 is shown in the lower panel. B, lysates of 293T cells transfected with the FLAG-Nore1 expression plasmid together with an RNAi plasmid encoding Nore1 shRNAs or the control U6 plasmid were immunoblotted with the Nore1 or ERK1/2 antibody. Nore1 RNAi triggered robust knockdown of Nore1. C, granule neurons transfected with expression plasmids encoding GFP-Nore1 and ␤-galactosidase (␤-gal) together with the Nore1 RNAi plasmid or control U6 plasmid were subjected to immunocytochemical analysis using a mouse monoclonal antibody to ␤-galactosidase and a rabbit polyclonal antibody to GFP. Nore1 RNAi induced the knockdown of Nore1 in nearly all cells examined. D, granule neurons were transfected with the Nore1 RNAi plasmid or control U6 plasmid together with a plasmid encoding ␤-galactosidase. After 72 h, cultures were left untreated or treated with H 2 O 2 , and 24 h later cultures were analyzed as described in Fig. 4A . Nore1 knockdown sensitized neurons to H 2 O 2 -induced cell death as compared with control (n ϭ 3, p Ͻ 0.05, ANOVA followed by Fisher's PLSD post hoc test). CM, conditioned medium. E, granule neurons were transfected with the Nore1 RNAi plasmid or control U6 plasmid together with the ␤-galactosidase expression plasmid. After 72 h, cultures were deprived of survival factors and left untreated for 24 h and analyzed as in Fig. 4A . Nore1 knockdown protected neurons from survival factor deprivation-induced cell death as compared with control (n ϭ 3, p Ͻ 0.05, t test).
neuronal death depending on the stimulus. Although Nore1 dampens the effect of oxidative stress on cell death in neurons, Nore1 is required for survival factor deprivation-induced neuronal cell death.
In this study, we have identified a link between MST1 and FOXO1 and thus uncovered a critical function for MST1 in survival factor deprivation-induced neuronal death. Our major findings are: 1) MST1 phosphorylates FOXO1 at the conserved forkhead binding site of serine 212 in vitro and in vivo, 2) the MST1-induced phosphorylation of FOXO1 promotes the disruption of FOXO1 from 14-3-3 proteins, 3) MST1 triggers the nuclear accumulation of FOXO1 in primary neurons upon activity deprivation, 4) MST1 plays a critical role in cell death of neurons upon growth factor and activity deprivation, and 5) the MST1 regulatory scaffold protein Nore1 plays a critical role in neuronal death upon growth factor and activity deprivation. Collectively, we have identified a novel function for MST1 in survival factor deprivation-induced neuronal death, and we have characterized upstream and downstream mechanisms of MST1 function in neuronal death upon survival factor deprivation.
The identification of MST1-induced FOXO1 phosphorylation and consequent dissociation of FOXO1 from 14-3-3 proteins supports the growing concept that the disruption of 14-3-3 proteins from pro-apoptotic proteins plays a key role in determining the balance of life and death in neurons (16, 25, 26, 29, 35, 36) . Intriguingly, a number of apoptotic protein kinases, including Cdk1, JNK1, and MST1, trigger the dissociation of 14-3-3 proteins from apoptotic proteins including the BH3-only protein BAD and the transcription factors FOXO1 and FOXO3 (16, 25, 26, 29, 35) . Cdk1 promotes cell death by acting on both BAD and FOXO1 (25, 29, 37) . Thus, Cdk1 and MST1 appear to converge upon FOXO1 by phosphorylating two distinct sites, serine 249 and serine 212, respectively, each promoting the disruption of FOXO1 from 14-3-3 proteins. Thus, the combined actions of Cdk1 and MST1 in neurons deprived of survival stimuli may ensure the robust activation of FOXO1 and induction of cell death. In future studies, it will be important to determine whether MST1, like Cdk1 and JNK1, also acts directly at the mitochondria to promote cell death.
Our findings generalize the substrates of MST1 from FOXO3 to other family members of the FOXO family of transcription factors in mammalian cells. Thus, MST1 is likely to influence diverse biological processes beyond cell death in neurons. Consistent with this interpretation, MST-FOXO signaling promotes lifespan and health span in Caenorhabditis elegans (16) . The scope of MST1-FOXO1 as well as MST1-FOXO3 signaling in the regulation of additional biological functions in mammalian cells from cell proliferation to differentiation and metabolism remains to be explored.
The finding that the MST1 regulatory protein Nore1 exerts distinct roles in neuronal cell death depending on the nature of the death stimulus raises the important question of how these stimuli in turn regulate Nore1. In agreement with our finding that Nore1 is critical for survival factor deprivation-induced death in primary neurons, Nore1 plays an apoptotic tumor suppressive role in non-neural cells (33) .
Whether the ability of Nore1 to dampen oxidative stressinduced neuronal cell death extends beyond neurons to cells outside the nervous system remains an interesting question for future studies.
The identification of MST1 signaling to FOXO1 further builds the case that MST1 is a key regulator in neuronal cell death. It will be important in future studies to determine the role of these pathways in brain development and to investigate the role of MST1-FOXO1 signaling in the pathogenesis of neurological diseases.
